1.
Introduction 1
Investigating whether space weather can appreciably influence properties and phenomena of the 2 lower atmosphere requires investigation of a complex chain of physical interactions, propagating 3 from the solar wind through high energy charged particles into the magnetosphere and ionosphere, 4 and finally down into the lower troposphere. Although the influence of solar variability on the lower 5 atmosphere is likely to be weak, not least because it lies at the end of the chain of processes, the 6 possibility of coupling of space weather to tropospheric weather has long been recognised as 7 potentially important to the human environment (Ney 1959; Dickinson, 1975 method is to study episodes of well-defined variability in solar parameters, investigating whether a 25 characteristic signature originating in the heliosphere can propagate through a chain of processes 26 into the weather-forming regions of the lower atmosphere. Periods known to have solar-induced 27 oscillatory variation in cosmic rays provide such opportunities (e.g. Harrison 2008), as the flux of 28 galactic cosmic rays (GCR) at Earth varies with the state of the heliosphere. The variation of GCRs is 29 known to influence parameters of atmospheric electricity at the Earth's surface (Harrison and  30 Usoskin, 2010). 31
32
One solar feature important in determining GCR variability is the existence in interplanetary space of 33 isolated coronal holes, which contribute to shielding within the inner heliosphere. Coronal holes 34 enhance the solar wind outflow and also influence the formation of long-lived solar co-rotating 35 interaction regions (CIRs), ahead of which shock waves and compression regions modulate the 36 cosmic ray fluxes. For late 1996 near solar minimum, Rouillard and Lockwood (2007) showed that an 37 active solar region modulated the GCR flux in this way. This was evident as a well-defined ~27 day 38 oscillation in neutron monitor data from the latter part of 1996, even as observed by eye. Harrison 39 et al (2011) found that a similar oscillation occurred around the beginning of 1997 in surface 40 atmospheric electricity measurements of the Potential Gradient (PG) made in Hungary. 41 42 This 1997 CIR-induced variation in PG showed good phase agreement with the Climax neutron 1 monitor data, but, as the amplitude of the PG oscillation was considerably greater than that in the 2 neutron monitor data, it is unlikely that the neutron count rate is directly causally linked to the PG 3 variation, through, for example, ionisation from the primary particles in the upper atmosphere. A 4 further well-defined CIR event was clearly apparent in neutron monitor data around the end of 5 2007, during which changes also occurred in surface atmospheric electricity. These are analysed 6 further here, together with their possible relationship to cloud properties in the lower atmosphere. 7 8
2. Solar changes 9
The regular solar changes considered here arose during late 2007, and are summarised in the panels 10 of data presented in Figure 1 . Figure 1 (a) shows daily data from the Oulu neutron monitor, in which 11 regular oscillations are straightforwardly apparent, centred on the beginning of 2008. Because of the 12 shorter timescale variability also present, the timings of the maxima and minima of these regular 13 oscillations have been obtained from the maxima and minima remaining after a phase-preserving 14 band pass filter (pass-band 25 to 30 days) was applied to the neutron monitor data, and these 15 positions are also marked in Figure 1 (a).
16
Modulation of the neutron monitor data occurs through modulation of galactic cosmic rays which 17 are associated with variations in the interplanetary magnetic field (IMF). The IMF is produced by 18 solar surface magnetic activity and dragged out by the solar wind to interplanetary space. A thin 19 interface between the opposite polarity IMF regions is formed as the heliospheric current sheet. The 20 "Parker spiral" shape (Parker, 1958) of the IMF results from the rotating source of the IMF-the 21 Sun-and the radially expanding solar wind plasma, which is nearly infinitely conducting and carries 22 the IMF with it according to the frozen-flux theorem (Alfvén, 1943) . This spinning and expanding 23 "garden hose" effect gives rise to a twisted IMF structure. This structure in the heliospheric current 24 sheet provides dominant sectors of magnetic field "away" (A) or "toward" (T) the Sun, as observed 25 at Earth. Observations have shown periods when the solar sector structure is relatively regular and 26 well-ordered, such as a four-sector structure in the IMF apparent in the original observations (Wilcox  27 and Ness, 1967). plane. The solar sector angle is calculated using the geocentric solar ecliptic (GSE) coordinate system, 37 where x is directed sunward from Earth, y is in the Earth's ecliptic plane in the direction opposing the 38 planetary orbit, and z completes the right-handed set. The angle is defined in terms of the IMF B 39 components as the inverse tangent of B y /B x , such that a sector angle of zero is along x. Standard 40
Parker spiral directions at Earth are -45° ("toward" the Sun) and +135° ("away" from the Sun) 41 42
Other measured solar quantities shown in Figure 1 are (c), the total solar irradiance (Fröhlich and  43 Lean, 1998) and (d) the intensity of the Sun's emission in the ultraviolet, at the Lyman alpha 44 emission line (Woods et al, 2000) . In contrast with the solar sector crossing, the emission radiation in 45 the visible (TSI) and at Lyman alpha ultra-violet wavelength do not show close synchronicity with the 46 Oulu neutron monitor data or the solar sector crossings. Consequently, in investigating the possible 47 responses in the Earth's lower troposphere, we concentrate on electrical changes in the Earth's 48 atmosphere likely to be influenced directly by energetic particle precipitation. 49 50
3.
Atmospheric electricity 1 (a) Global circuit 2 Large scale current flow in the lower atmosphere is understood within the conceptual model of the 3 Global atmospheric Electric Circuit (GEC) (Wilson 1921), which represents the surface of the Earth 4 and the lower surface of the ionosphere as two oppositely charged, highly conducting "plates" of a 5 spherical capacitor, with a leaky dielectric (the conductive air) in between. Transfer of positive 6 charge upwards from the top of thunderstorms maintains the positive charge on the ionosphere, 7 and negative charge is transferred down to the surface of the Earth through negative lightning 8 strikes, point discharge currents, and precipitation, through which the ionosphere is electrified to a 9 potential of 250kV more positive than the surface, known as the ionospheric potential, V I . 10 (Rycroft et al 2000 and Aplin et al 2008 give more details on the GEC.) 11
The presence of ions allows the atmosphere to be weakly conducting, hence the potential difference 12 between the ionosphere and the Earth's surface is associated with a return current, known as the 13 air-Earth conduction current density, J c , flowing vertically between the ionosphere and the surface at 14 large distances from thunderstorms. Ohm's law relates J c to V I and the total resistance, R c , of the unit 15 area column of air through which it flows from the ionosphere to the surface, by 16 The RUAO atmospheric electricity data are shown in Figure 2 Much less variability is seen in this data; however, by band-pass filtering using multiple realisations 6 with random in-filling to allow for missing data values, the characteristic 27 day oscillation, showing 7 phase agreement with the neutron monitor data remains. Whilst neutron monitor data provides a proxy for the GCR flux at the Earth's surface, the neutrons 28 detected are secondary products of the nucleonic branch of the particle cascade initiated by primary 29 GCRs with energy >1GeV, which may not represent all the modulation of the global circuit occurring, 30
for example in the current generating part of the global circuit. Figure 4 (a) shows the variation in 31 neutron monitor data from Oulu as a percentage of the mean value, demonstrating that the neutron 32 oscillations over the 27 day cycle are at most ±2%, i.e. almost n order of magnitude smaller than the 33 variations in vertical current. Vertical current variations can be up to a few times greater than 34 corresponding neutron monitor variations. For example, a 16% change was found in the vertical 35 current density at Lerwick, Scotland, during an 8% change in neutron monitor count rate between 36 solar maximum and solar minimum; a 30% solar cycle change was also seen in balloon-carried 37 current density measurements made by Olson over Minnesota (Harrison and Usoskin, 2010). One 38 proposed explanation for the difference is that the global atmospheric electric circuit parameters 39 respond to lower energy cosmic rays (<1GeV) than neutron monitors detect. As an example, 40
Figure 4(b) displays the fractional change in the 165-500 MeV protons measured by the GOES 11 41 spacecraft in geosynchronous orbit. These lower energy particles show a much larger proportional 42 variation during the CIR period than the neutron monitor data, of up to ±40%. The 100 MeV protons 43 are sufficiently energetic to create ionisation down to ~32km and 500 MeV particles to 15km in high 44 latitude regions (Bazilevskaya, 2005), and increased ionisation at high altitudes due to the <500 MeV 45 particles will increase the air conductivity, which may influence current flow in the global circuit, 46
contributing additionally to the current modulation at Reading. sustaining a persistent sharp horizontal cloud boundary, droplet charging at the upper and lower 8 edges of layer clouds will therefore also vary with the vertical current density. 9
Layer clouds form when ascending moist air cools sufficiently to reach saturation, which depends on 10 the moisture present in the air and the rate at which the temperature falls with height. The height at 11 which the cloud forms is therefore primarily a result of the prevailing meteorological conditions. 12
Following the cloud formation, it is possible that microphysical effects on the cloud droplets may 13 result from their electrification (Rycroft et al, 2012). Since the cloud base is also the cloud boundary 14 charging region, the cloud base is one region which may show particular sensitivity to electrical 15 changes. In general however, investigating any cloud response to current density changes is difficult As mentioned above, the height at which clouds form depends primarily on the meteorological 44 parameters, such as the local humidity and the rate at which the air temperature falls with height. In 45 surface meteorological measurements, the air temperature T air and humidity can be represented by 46 the dew point temperature, T dew , which is the temperature to which the surface air must be cooled 47 to become saturated with respect to water vapour. The dew point depression (T air -T dew ) is therefore 48 zero when the air is saturated, and greater than zero when the air is unsaturated. As a parcel of air 1 cools on ascent its dew point depression also decreases with height if moisture is neither added nor 2 removed, at about 8K km -1 (McIlveen, 1992) , although this depends on the local meteorological 3 circumstances. For air at the surface which is unsaturated, this "lapse rate" allows calculation of the 4 height H cb in metres where the cloud base forms, giving H cb ~ 125 (T air -T dew ). The dew point 5 depression therefore provides an additional indication of cloud base height, and, accordingly, the 6 dew point depression measured at Lerwick for the same time interval is shown in Figure 5 not an instrumental artefact of the laser ceilometer. 10
The neutron minima and maxima times are now used to analyse the cloud base height data further. 11
By averaging the cloud base height data around the minima and maxima times, i.e. forming 12 composites, any regular variations occurring will be averaged together. permit rapid coupling between the heliosphere and lower atmosphere meteorological conditions. 28
To consider the relationship between current density and cloud more quantitatively, Figure 7 shows 29 the proportional changes in current density averaged from both plate electrodes at Reading (already 30 shown in Figure 3 ) combined with the cloud base height measurements at Lerwick (shown in 31 Figure 6 ), with both quantities composited on the same neutron maxima. Figure 7 (a) shows the 32 temporal variation of the Reading current density and the Lerwick cloud base height, after 33
compositing the values around the neutron maxima. Both quantities increase around the neutron 34 maximum time, which is apparent despite some intermittency in the Reading current density data. 35
Figures 7(b) and (c) show the composite data sets separately, demonstrating the differences 36 between the data from the "inner" weeks (either side of the neutron maximum times), and the 37 "outer" weeks (the next weeks beyond the neutron maximum times, either side of the inner weeks). 38
Both the current density and cloud base height show a reduction between the inner and outer 39 weeks. Using a Mann-Whitney test, the changes in the median cloud base height and current density 40 are statistically significant, with the probabilities p of the changes having arisen by chance p<0.01 41 and p<0.03 respectively. In terms of sensitivity, the median detected cloud base height changes from 42 304m to 273m and the median current changes from 1.7% to -3.5%, or ~ 6m per % change in current 43 density. 44
It should be emphasised that the energetic particles triggering the neutron monitor are not thought 45 to cause the cloud base changes directly, rather that the neutron monitor data, as previously 46 reported by Harrison and Usoskin (2010), indicate conduction current changes are occurring at the 47 Lerwick site. These will pass through pre-existing clouds (Nicoll and Harrison, 2009), formed as a 48 result of the local meteorological conditions. The cloud base height fluctuations observed may 1 therefore be associated with charge-influenced cloud microphysical changes at the lower cloud 2 edge, as a consequence of cloud base droplet charging in the vertical current flow. This 3 interpretation would also imply that the dew point depression adjusted in response to the cloud 4 base change. However, because the vertical lapse rate of dew point depression, surface humidity 5 and cloud base height are strongly coupled, the causal relationship cannot be uniquely established. 6
Hence if the cloud base is responding, in part, to the electrical variations as suggested by the 7 observations, it would amount to a perturbation on the background state already established by the 8 local meteorological conditions. 9 10 here are apparent directly during marked heliospheric disturbances in 2007-9 due to a co-rotating 19 interaction region. The importance of this is that it generated a distinct variation in neutron monitor 20 data, which, whilst it originated in the abrupt transition of solar sector boundary crossings, showed a 21 smoother periodic form than the boundary crossings also present in other parameters. The clarity of 22 this feature in the neutron monitor data, and in other energetic particles, implies that the similar 23 periodic variations in atmospheric electrical and meteorological data are associated with particle 24 modulation rather than solar radiative changes, in the visible or the ultraviolet. In addition, the lack 25 of phase synchronisation between the radiative data and the electrical and meteorological data is 26 inconsistent with the lower atmosphere effects originating from solar radiative changes. 27 28
Discussion
The atmospheric electrical data measured at Reading (Figure 2) , showed a ±15% variation in the 29 vertical current density (J c ). This can arise from the ionisation of the energetic particles reducing the 30 resistance of the atmospheric column increasing the current density, and/or modulation of the 31 global circuit. Evidence from proton detectors on the GOES-11 satellite is that the 165 MeV to 500 32
MeV proton channels also show substantial modulation synchronous with the neutron monitor 33 modulation, which supports the possibility of a similar variation in protons with energies greater 34 than this (but not measured), but less than the cut-off energy of the Oulu neutron monitor (0.8GeV, 35 which corresponds to ~0.3GeV for protons). 36 37
Conduction current density changes are important as they provide a route by which heliospheric 38 changes can influence layer clouds in the lower atmosphere. Such clouds are important in 39 determining the radiative balance of the planet and atmosphere's temperature. Composites around 40 the neutron maxima and minima formed from measurements made at Lerwick Observatory show 41 that cloud base, temperature, and dew point depression variations are synchronised with the 42 neutron monitor maxima and minima (Figure 6 ), but not with the solar radiation changes, which are 43 out of phase with the neutron maxima and minima. This can be understood as arising from changes 44 in cloud base properties, as a result of charging in the cloud base at the cloud/clear air horizontal 45 boundary. The charging in this region is directly proportional to the vertical conduction current. 46
Although there are many possible cloud droplet effects which could be influenced by charge, 47 enhanced droplet electrification would generally act to increase droplet-droplet sticking on collision, 48 even for like-charged droplets (Russell, 1909; Lekner, 2012) , reducing the cloud droplet number 49 concentration. The height at which cloud base is detected depends on both the droplet number 50 and the droplet size. With increased droplet-droplet sticking, the detected cloud base height level 1 would rise, as the charge-enhanced reduction in droplet number would need to be compensated by 2 an increased time for the droplet size to grow in the cloud updraft by water vapour diffusion. A rise 3 in cloud base would be associated with reduced downward long-wave radiation, and a reduction in 4 air temperature. Such an effect is also apparent in the Lerwick Observatory data (Figure 6 ), together 5 with an increase in dew point temperature depression which is usually associated with a cloud base 6 height increase. 7 8 9 6. Conclusion 10 Overall, the picture which emerges in the data considered is of solar sector boundaries modulating 11 atmospheric electricity, as has been previously demonstrated by averaging over many events. 
